Theories of sexual selection usually assume that female preferences for male ornamental traits are ¢xed and always likely to favour the largest or most extravagant sexual ornaments. This is not, however, always necessary or likely, particularly in resource-based monogamous systems. Here we show that in a closed population of house sparrows, small-badged males were preferred by females as both social and genetic mates and produced a higher number of viable o¡spring. Previous studies of other house sparrow populations have shown females to prefer large-badged males. Given the likely trade-o¡s operating between di¡erent male behavioural and morphological traits, we propose that female choice is a £exible adaptive strategy through which females can select those males likely to supply the male-acquired bene¢ts that are locally most important.
INTRODUCTION
Why should females prefer males with elaborate ornaments? The`good genes' hypotheses predict that the sexual ornaments of males will re£ect favourable genes that can be passed onto their o¡spring: either genes for increased viability (Williams 1966; Hamilton & Zuk 1982) , or genes for increased attractiveness (Fisher 1930) . Alternatively, the`direct bene¢t' hypotheses (Heywood 1989; Hoelzer 1989; Kirkpatrick & Ryan 1991) predict that male ornaments will re£ect tangible bene¢ts that females will acquire as a result of their preference.
Fundamentally, both the`good genes' and the`direct bene¢t' models predict a positive relationship between the reproductive success of a male and the size of his sexual ornaments (including being preferred by females; reviewed in Jennions & Petrie (1997) ). The relationship is positive in all but one of the empirical studies reporting a signi¢cant relationship between the expression of a sexual trait and some measure of reproductive success (reviewed in Andersson (1994) and Johnstone (1995) ). The single exception to this apparently general rule is the ¢nding by S×tre et al. (1997) that female pied £ycatchers (Ficedula hypoleuca) prefer the dullest brown males where they breed in sympatry with the collared £ycatcher (F. albicollis), presumably to avoid the costs of hybridization. Although this unique example seems to be a special case, there are several other reasons why females might be predicted to not always prefer the most ornamental or dominant males (reviewed in QvarnstrÎm & Forsgren (1998) ).
Here we present results from a study on an ecologically isolated population of the house sparrow (Passer domesticus), which enabled a thorough examination of female preference and reproductive success in relation to the male ornamental trait. These results are discussed along with those from several independent studies of sexual selection in the same species. The house sparrow is a socially monogamous, sexually dimorphic passerine. Whereas the female is a typical dull brown bird, the male displays several plumage traits, the most conspicuous of which is a melanin-based black throat patch or`badge'. It is this trait that has been the focus of previous work on sexual selection in this species.
Owing to the unique nature of our study population we were able to measure the reproductive success of all individuals accurately. The population lived on an island and the lack of natal dispersal allowed us to assess the production of viable o¡spring by breeding individuals. The scarcity of natural breeding sites and the birds' acceptance of arti¢cial nest-boxes allowed us to monitor every breeding attempt and identify those individuals that failed to breed. Additionally, molecular techniques revealed a very low level of extra-pair paternity within this population (less than 1% (Gri¤th et al. 1999) ), which means that only within-pair reproductive success needs to be considered. These unique features of our population allowed us to monitor total annual reproductive success precisely and so test the predicted relationship between reproductive success and the size of the sexual ornament.
METHODS

(a) Population
This study was conducted during October 1995 to January 1997 on Lundy island, 20 km o¡ the south-west coast of England (51.118N, 4.408 W). The highly sedentary nature of the house sparrow (Paradis et al. 1998) results in an almost negligible movement in and out of this population. Adult birds were caught on multiple occasions throughout the study and all adults in the population were colour-banded with unique colour combinations in addition to a metal ring supplied by the British Trust for Ornithology. Morphological measurements were taken on several occasions throughout the study (following the method of Svensson (1984) ), all of which were found to be highly repeatable within a single annual adult moult.
When the badge of the house sparrow is ¢rst produced in the autumn moult, the black badge feathers have substantial bu¡ tips that conceal the black area: this is only fully revealed in the spring through abrasion of the tips (Veiga 1996) . The size of the badge will therefore increase throughout the year and at any time before the spring the`visible' badge size of a male will be primarily related to the extent of abrasion.
In our study, individuals were caught opportunistically throughout the calendar year, necessitating a measure robust to the extent of abrasion. Therefore we measured the`hidden' length of the badge; this being the length (in millimetres) from the base of the bill down the chest to the point on the breast at which the black feathers ceased to grow from the skin. This measure was found to be highly repeatable between di¡erent measurements taken throughout the year (r 2 0.755, F 12,13 7.78, p 5 0.001; calculated by the method of Falconer (1960) ) and is signi¢cantly related to the visible length of the badge during the breeding season (r 2 0.47, n 47, p 5 0.001). Owing to the loose nature of the skin horizontally, the`hidden' width was found to have poor repeatability, so precluding any attempt to quantify badge area. We checked the validity of using the badge length in millimetres as our measurement of badge size by using a regression model to estimate the extent of variation in badge area (MÖller 1987) that is explained by badge length. On the basis of 48 males caught during the summer, when badge area was easiest to measure, badge length explained 70% of variation in badge area (r 2 0.82, n 48, p 5 0.001). Where they have been used, the validity of using parametric analyses was con¢rmed by testing data and residuals from regressions for departures from normality by using the Lilliefors test. All analyses were conducted with SYSTAT v. 5.2 (SYSTAT, Evanston, IL, USA).
(b) Measurement of reproductive success
During the 1996 breeding season (April to August) all possible nest sites were monitored every two days for signs of nesting. Once egg laying had begun, close monitoring of each nest began and continued until £edging. Chicks were measured, ringed and colour-banded at 12 days old. For each breeding pair, the ¢rst-egg date was calculated as the number of days from 1 May until the ¢rst egg was laid. In addition, clutch size, number of eggs that hatched and the number of £edglings produced were determined. This last was the number of chicks ringed on day 12 minus the number of corpses found in the empty nest after day 18 (house sparrow chicks usually £edge between day 15 and 17). The bodies of chicks that died after day 12 are too large and unwieldy for adults to remove through the nest-box hole.
In addition to the quantitative estimates of reproductive success (as outlined above), the measurements of each 12-day-old chick's tarsus length and mass were used to investigate the possibility of a trade-o¡ between quantity and quality of o¡spring. A further measurement of o¡spring quality was provided by the analysis of those o¡spring retrapped subsequent to £edging. During the period 3^10 January 1997, more than 80% of all living individuals in the population were caught (as shown by an extensive visual survey performed in parallel (S. C. Gri¤th, unpublished results)). We have no reason to suspect that this sample of birds was not a random sample of all o¡spring surviving at this time.
The limited amount of habitat suitable for breeding house sparrows and the nature of the population allowed us to monitor all possible breeding sites and individuals throughout the breeding season. Although several pairs made at least one attempt to breed within a partly inaccessible roof or wall cavity, 95% (99 out of 105) of all breeding attempts took place in nestboxes. The inaccessibility of two nests resulted in the exclusion of one male from some parts of the analysis. All females made at least one breeding attempt. However, owing to a slight male skew in the adult population, seven males remained unpaired. These males established and displayed at a nest site throughout the season but failed to attract a female.
RESULTS
(a) Comparison of badge size with reproductive output
On the basis of single-linear-regression models there was no relationship between pair male badge size and the date on which a female laid her ¢rst egg (r 2 0.01, n 33, p 0.52), or the number of eggs produced by a female (r 2 0.02, n 28, p 0.51). Within the whole sample of males, including those unpaired and breeding polygynously, there was a non-signi¢cant tendency for large-badged males to have fewer eggs in total than small-badged males (r 2 70.08, n 39, p 0.09). There were signi¢cant negative relationships between the size of a male's badge and the number of chicks in his nest Figure 1 . The relationship between the badge size of a male and his annual production of £edglings. For illustrative purposes the four polygynous males are represented by square symbols. y 70.691x + 27.451; r(r 2 70.13, n 39, p 0.02) and the number of o¡spring that he £edged (r 2 70.17, n 40, 50.01) (¢gure 1). Multiple regression models that included other male morphological variables (tarsus length, wing length and body mass) con¢rmed that the relationships reported above were not due to interactions between such variables and badge size (table 1) .
Within the population, the breeding status of males was as follows: unpaired (17.5%, 7 out of 40), monogamously paired (72.5%, 29 out of 40) and polygynously paired (10%, 4 out of 40). Female choice for smallbadged males as partners was revealed by the signi¢cant di¡erence between the mean badge size of the three groups of male: unpaired, monogamous and polygynous (Welch ANOVA F 3.99, d.f. 2, p 0.05). As illustrated in ¢gure 2, there was a tendency for unpaired males to have larger badges than paired males (unpaired t-test, t 1.71, d.f. 38, p 0.09). The di¡erence between the badge size of polygynous and unpaired males was signi¢cant, these two groups presumably re£ecting the extremes of female choice (unpaired t-test, t 2.51, d.f. 9, p 0.03). Of course, if we account for the fact that we have done three independent comparisons, p would have to be less than 0.02 to meet the 5% level of signi¢cance.
The observed relationship between badge size and the breeding status of a male was a major component of the overall relationship between badge size and reproductive output. For example, for £edgling production, three out of the top four most productive males bred polygynously, whereas seven out of the eight males in the population which produced no £edglings were unpaired. Despite this, the negative relationship between badge size and reproductive output was maintained after the exclusion of either polygynous males (r 2 0.19, n 36, p 5 0.01), unpaired males (r 2 0.11, n 33, p 0.05) or both together, leaving just the monogamously paired males (r 2 0.14, n 29, p 0.04).
(b) Comparison of badge size with o¡spring quality
There were no relationships between badge size or the number of o¡spring produced by a male and our measurements of mean o¡spring quality (tarsus length, mass and the residuals of a regression between these two) (table 2). Not surprisingly, there was a strong relationship between the initial number of £edglings produced by a male and the number of survivors recorded four months after £edging (r 2 0.39, n 31, p 5 0.001). Together, these results indicate that males that produced fewer o¡spring were not necessarily producing better o¡spring. Therefore, Reproductive success in sparrows S. C. Gri¤th and others 767
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DISCUSSION
Contrary to the expectations of most models of sexual selection (reviewed in Andersson (1994)), we found that male sparrows with the largest badges (i.e. the most showy' males) did not have the highest annual reproductive success. In fact, badge size was negatively correlated with all measurements of reproductive success in this population of house sparrows: small-badged males produced signi¢cantly larger numbers of surviving o¡spring.
As this was a correlative study it is di¤cult to identify the exact cause underlying the higher reproductive success of small-badged males. Although there was a slight tendency for these males to be paired with females that laid a larger clutch, they also produced signi¢cantly more surviving o¡spring, which suggests that they were more successful during the whole post-zygotic phase of reproduction. This could be accounted for by these males' being better parents themselves (Heywood 1989; Hoelzer 1989) , or, assuming a female preference for small-badged males in this population, a di¡erential allocation e¡ect (Burley 1986) , whereby small-badged males pair with better females or with females willing to invest more highly in reproduction.
We also found evidence that badge size was correlated with whether or not a male was monogamously or polygynously mated, with small-badged males being more likely to be polygynous. Once again, this relationship is the opposite to that predicted by most models of sexual selection. Considering that female house sparrows have been shown to su¡er from reduced paternal help when paired polygynously (Veiga 1990) , and the presence of several unpaired males in the population, it is very surprising at all that some males succeeded in attracting two females. Therefore, the fact that the polygynous males tended to be small badged whereas unpaired males tended to be large badged is highly suggestive of a female mating preference for small-badged males (although this interpretation is potentially confounded by correlates between male phenotype and other direct bene¢ts; see, for example, Alatalo et al. (1986) ). To our knowledge, the only previous example of a female preference for the least showy males is that of sympatrically breeding £ycatchers, where females of one species preferred the least ornamented conspeci¢c males to minimize the risk of hybridization (S×tre et al. 1997) .
Our ¢nding of a female preference for the least showy males is of greater interest when put into the context of other studies of sexual selection in the house sparrow. Our result completes a continuum from a Danish population in which there is a strong female preference for largebadged males (MÖller 1987 (MÖller , 1988 (MÖller , 1989 (MÖller , 1990 , through several other populations in which there seems to be no speci¢c preference with regard to male ornament size (Veiga 1993 (Veiga , 1995 (Veiga , 1996 Kimball 1996; Cordero et al. 1998) , to the Lundy population in which there is an apparent preference for small-badged males (see table 3 ).
The fact that di¡erent populations of the same species exhibit such profound di¡erences in the female preference for male phenotype can be most easily reconciled by the idea that the female preference is extremely plastic, i.e. the same females will express di¡erent preferences under di¡erent circumstances. The alternative of selection for females exhibiting di¡erent ¢xed preferences in separate populations seems unlikely, although it has occurred under strong natural selection in the Trinidadian guppy, Poecilia reticulata (Endler & Houde 1995) .
Although latently assuming that female preference will consistently favour males with the largest or most ornamental trait, most theories of sexual selection (reviewed in Andersson (1994) and Jennions & Petrie (1997) (1987, 1988, 1989, 1990) Spain LB dominant, held more nest sites no e¡ect of BS on pairing date no overall relationship Veiga (1993 Veiga ( , 1995 New Mexico, USA no relationship between BS and nest site acquisition no preference for BS observed positive Kimball (1995 Kimball ( , 1996 Kimball ( , 1997 (MÖller 1988) ). Indeed, the quality of nest site within the Danish population was reported to be the largest component of the variation in reproductive success (MÖller 1988) . In contrast, in the Lundy population, nest site quality had very little e¡ect on reproductive success: 40 males had 85 identical nest-boxes to choose from, all of which were suitable for house sparrows (79 out of 85 boxes were used by a breeding pair at least once between 1994 and 1997 and only one nest was ever constructed in an unsuitable open site). Although on Lundy the overabundance of nest-boxes was provided by ourselves, the variation in the availability of good nest sites between these two populations might simply re£ect two ends of a natural continuum, with di¡erent house sparrow populations experiencing very di¡erent levels of nest site availability. In this situation, as was outlined in the informal model above, it might be adaptive for the Danish females to base mate choice on sexual ornaments that indicate the acquisition of a good nest site. In the Lundy population, in contrast, it might be adaptive to base mate choice on ornaments that indicate the acquisition of the most locally important trait. For instance, because nest predators are absent from Lundy and chicks could not fall out of nest-boxes, it is likely that starvation is the most common cause of chick mortality. Male chick-feeding e¡ort might therefore be the most important trait to a female in the Lundy population.
There is even a potential mechanism to explain why individual males might face a trade-o¡ between being able to acquire a good nest site and being able to provide paternal care. By experimentally increasing the level of circulating testsoterone in certain males, Hegner & Wing¢eld (1987) showed that in house sparrows testosterone level was positively associated with the frequency of sexual displays and success in intrasexual competition, but was negatively associated with paternal care. Indeed, the ability of the testosterone-implanted males to provide care was so impaired that the o¡spring of these males su¡ered a signi¢cant decrease in survival. It therefore seems very likely that gonadal steroids such as testosterone might force a trade-o¡ between male competitive ability and male paternal ability. What has not yet been fully revealed is the relationship between hormone production and plumage-based sexual ornaments. As discussed by Folstad & Karter (1992) , the development of many male-speci¢c sexual ornaments is testosterone dependent, so the size of the ornament is likely to signal whether the male will provide a good nest site (high testosterone) or good parental care (low testosterone). However, for plumage-based ornaments the mode of development is far less clear, with the overall development of the trait not being dependent on testosterone (Owens & Short 1995) . It remains to be discovered whether other factors, such as corticosteroids or body condition, are responsible for limiting ornament size (Moller 1995) or whether testosterone is indeed responsible for the relatively subtle di¡erences in badge size between individual males in house sparrows (M. Evans, A. Goldsmith and S. Norris, personal communication).
In summary, we feel that di¡erences between populations in mate choice criteria could be real and suggest that the idea of highly £exible female preference can sit comfortably with most other theories of sexual selection, even though they generally assume a constant positive directionality of female preference (Andersson 1994) . Similarly, the interdependence of ornament size, hormone levels and characteristics such as aggressiveness and the provisioning of parental care is consistent with conditiondependent based models of sexual selection (see, for example, Williams 1966; Hoelzer 1989; Heywood 1989; Hamilton & Zuk 1982) . Indeed, we suggest further that the existence of trade-o¡s between several male traits that are reliably signalled by the same sexual ornament, far from hindering female choice for that ornament, will actually promote more adaptive decision-making. This would result in a highly £exible female preference, as seems to be occurring across di¡erent populations of the house sparrow.
